Nascent molecular electronic devices based on linear 'all-carbon' wires attached to gold electrodes through robust and reliable C−Au contacts are prepared via efficient in situ sequential cleavage of trimethylsilyl end groups from an oligoyne, Me 3 Si−(C≡C) 4 −SiMe 3 (1). In the first stage of the fabrication process, removal of one trimethylsilyl (TMS) group in the presence of a gold substrate, which ultimately serves as the bottom electrode, using a stoichiometric fluoride-driven process gives a highlyordered monolayer, Au|C≡CC≡CC≡CC≡CSiMe 3 (Au|C 8 SiMe 3 ). In the second stage, treatment of Au|C 8 SiMe 3 with excess fluoride results in removal of the remaining TMS protecting group to give a modified monolayer Au|C≡CC≡CC≡CC≡CH (Au|C 8 H). The reactive terminal C≡C-H moiety in Au|C 8 H can be modified by 'click' reactions with (azidomethyl)ferrocene (N 3 CH 2 Fc) to introduce a redox probe, to give Au|C 6 C 2 N 3 HCH 2 Fc. Alternatively, incubation of the modified gold substrate supported monolayer Au|C 8 H in a solution of gold nanoparticles (GNPs), results in covalent attachment of GNPs on top of the film via a second alkynyl carbon-Au σ-bond, to give structures Au|C 8 |GNP in which the monolayer of linear, 'all-carbon' C 8 chains is sandwiched between two macroscopic gold contacts. The covalent carbon-surface bond as well as the covalent attachment of the metal particles to the monolayer by cleavage of the alkyne C-H bond is confirmed by surface-enhanced Raman scattering (SERS). The integrity of the carbon chain in both Au|C 6 C 2 N 3 HCH 2 Fc systems and after formation of the gold top-contact electrode in Au|C 8 |GNP is demonstrated through electrochemical methods. The electrical properties of these nascent metal-monolayer-metal devices Au|C 8 |GNP featuring 'all-carbon' molecular wires were characterised by sigmoidal I-V curves, indicative of well-behaved junctions free of short circuits.
Introduction
The realisation of molecular-scale electronic devices requires the development of suitable molecular components that can perform a range of electronic functions, possibly combined into larger, more highly functional molecular assemblies, and ultimately connected to a macroscopic support to allow integration into a solid-state platform. 1-3 When considering the different components needed to form a 'molecular electronics component kit' for fabrication of functional devices, molecular wires are regarded as the most fundamental. [4] [5] [6] Molecular wires typically feature a rigid linear molecular backbone, and π-conjugated electronic structure that can facilitate electron transport, 7, 8 and a host of molecular structures of varying degrees of complexity that meet these general design criteria have been proposed to serve as wire-like molecules and investigated using a wide range of experimental, computational and theoretical methods. 8 Of the various π-conjugated molecules that can be conceived to serve as molecular wires, linear chains of sp-hybridised carbon with cumulated (=C=C=C=C=) or polyynyl (-C≡C-C≡C-) structures have attracted considerable attention, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and in more recent times the challenges and electronic features that arise when such carbon chains are contacted to two electrode surfaces have been discussed. Such linear arrays of sphybridised carbon atoms with alternating single and triple bonds or cumulated structures offer an approximately cylindrical distribution of electron density along a onedimensional, rigid-rod, length-persistent backbone. [19] [20] [21] In contrast, more commonly employed structures used in the construction of wire-like molecules based on oligomeric(phenylene ethynylene) (OPE) structures feature interpolated phenylene rings, [22] [23] [24] [25] [26] [27] and whilst the barrier to rotation of the phenylene ring around the long molecular axis is low 28, 29 conjugation is interrupted when the phenyl rings are rotated with respect to each other and the resulting wires offer only moderate performance with decay constants β ca. 2 nm -1 ( ∝ − ! ). 30 However, creating experimental platforms to explore these concepts remains a substantial challenge. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] In seeking to introduce analogues of sp-hybridised carbon chains into molecular junctions, attention has naturally turned to oligoynes capped by suitable surface binding groups as model systems. 16, [42] [43] [44] [45] These systems have revealed promisingly high conductance and, under optimal conditions and solvent environments, low β values (ca. 0.1 -1 nm -1 ), indicating considerable promise as wire-like components.
Recently it has become possible to directly contact alkyne moieties to metal surfaces, M, through M|C≡CR linkages either by direct reaction of terminal alkynes, RC≡CH, with gold nanoparticles, 46 or surfaces, [47] [48] [49] or from RC≡CSiMe 3 or RC≡CSi i Pr 3 moieties via in situ removal of a trimethylsilyl or triisopropylsilyl protecting group upon treatment with fluoride. [50] [51] [52] Such desilylation chemistry can therefore be applied in situ to directly attach a carbon chain to gold via a suitably functionalised oligoyne, Me 3 Si− (C≡C) n −SiMe 3 . We report here for the first fabrication of two terminal sandwich-based devices Au|C≡CC≡CC≡CC≡C|Au, with the C 8 fragment being introduced through sequential desilylation/metallation of the trimethylsilyl-protected octa-1,3,5,7-tetrayne, Figure 1 ) with the formation of an Au-C σ-bond both at the bottom and at the upper electrode. In this approach, a stable, uniform and high-ordered 
Results
Fabrication of an Au|C 8 H film. A Au(111) surface was modified by the formation of a gold-carbon (Au-C) covalent bond via in situ desilylation of the bis(trimethylsilyl)protected octatetrayne Me 3 Si−(C≡C) 4 −SiMe 3 (1) using equimolar tetrabutylammonium fluoride (TBAF, Figure 1 ). 50, 53 In this first stage, a freshly annealed gold electrode was immersed in a freshly prepared THF solution of 1 (1 mM) containing equimolar TBAF and incubated for 10 min at room temperature. The electrode was then rinsed copiously with THF to remove any physisorbed species, and dried under a nitrogen flow, to give a monolayer film Au|C 8 SiMe 3 . In a second stage, the modified surface was immersed in a THF solution of TBAF (0.05 M) at room temperature for 30 min., before being thoroughly rinsed with THF and dried. Under this experimental procedure, the distal trimethylsilyl (TMS) groups on the monolayer modified electrode are cleaved to give an Au|C 8 H film (Figure 1 and Figure S1 in the Supplementary Information, SI). These procedures gave highly-ordered, chemically well-defined monolayers on the wellordered Au(111) surface, which were characterised by quartz-crystal microbalance (QCM), atomic force microscopy (AFM) imaging and depth profiling, and Raman spectroscopy as described below. The monolayer thickness in the Au|C 8 SiMe 3 films was determined by the atomic force microscopy (AFM) scratching technique, which involves ploughing the organic film with the AFM tip in contact mode and then imaging across the scratch to measure the depth profile ( Figure S2 ). A film thickness of 1.0 ± 0.2 nm was estimated from this technique which is in good agreement with the estimated Au...Si distance from an Au-C≡CC≡CC≡CC≡CSiMe 3 computational model (1.3 nm). As illustrated in the schematic depicted in Figure 1 , the maximum surface coverage of the polycarbon chain will be limited by the size of the SiMe 3 protecting group, which determines the separation between adjacent molecules in the Au|C 8 SiMe 3 monolayer film. Assuming a close/hexagonal packing arrangement of molecules within the monolayer, along with equivalent surface area occupied by the protecting SiMe 3 group (treated as a model disk with a diameter of 0.758 nm) 54 , a theoretical maximum coverage of C 8 SiMe 3 fragments on an Au(111) surface can be calculated, resulting in a value of 3.34×10 -10 mol·cm -2 . 54 To estimate the surface coverage experimentally, the variation in the resonator frequency of a quartz crystal microbalance (QCM) substrate before and after the formation of Au|C 8 SiMe 3 was recorded as described in the SI. The resulting experimental surface coverage for the monolayer on gold was determined to be 3.13×10 -10 mol·cm -2 , in good agreement with the theoretical maximum surface coverage. The incubation of a QCM resonator in a 1.0×10 -3 M solution of 1 in THF without TBAF did not show any frequency change, which indicates that a desilylation of the trimethylsilyl-protected oligoyne with TBAF is mandatory in order to form a robust monolayer of 1 on a gold substrate. This is in contrast with the more stable monolayer films formed from long chain hydrocarbon substituted trimethylsilylacetylene derivatives. [55] [56] [57] [58] Several earlier studies also describe the formation of a covalent Au-C σ-bond upon removal of the trimethylsilyl (TMS) group attached to an alkynyl moiety, [50] [51] [52] Figure 3a ). 54, 66, 67 The resulting Au|C 6 C 2 (H)N 3 CH 2 Fc films were studied by cyclic voltammetry (Figure 3b at 200 mV·s -1 scan rate) revealing characteristic ferrocene/ferrocenium couple with a peak-to-peak separation ΔE p = 110 mV. Although this is a substantial peak separation for such an immobilised redox species, it is nevertheless in good agreement with similarly constructed ferrocene-functionalised 1,4diethynylbenzene monolayers on Au(111). 47 The relatively broad voltammetry wave might arise from disorder of the ferrocene head-groups across the surface of the oligoyne film. 68, 69 The peak current of both the oxidative and the reductive waves The introduction of a redox-active ferrocene moiety also allows an estimation of the standard heterogeneous rate constant, k ET , between the chemisorbed ferrocene groups and the underlying Au(111) electrode using the Laviron analysis ( Figure S3 ). 70, 71 The resulting k ET was 3.2±0.1 s -1 , which is similar to values obtained from ferroceneterminated peptide nucleic acid (PNA) SAMs of similar thickness (k ET ~ 3 s -1 ). 72 It is relevant to note that these peptide nucleic acid (PNA)-based SAMs are known to exhibit high conductance values, 73, 74 and therefore reasonably efficient ET between the underlying electrode surface and the distal ferrocene groups through the polyyne chain can be inferred. This is a substantial charge, consistent with a multi-electron process associated with oxidation of the carbon chain, but as the stoichiometry of the oxidation process is unknown, the charge density cannot be used to quantify the surface coverage.
Significant contributions over the last few years have shown that both aliphatic and aromatic ethynyl-terminated molecules give rise to SAMs on Au(111) surfaces which can be considered as analogous to thiol-terminated molecules in terms of surface coverage and electrochemical behavior. 51, 75, 76 In this regard, the afore-mentioned value, i.e. 1400 µC·cm -2 , is nearly twice as much that exhibited by SAMs of alkanethiols, 77 but analogous to that shown by dithiols. 78 On the other hand, a broad cathodic peak at -0.85 V (P red ) was observed when a 0.1 M NaOH solution was used (Figure 5a ). This precedes the hydrogen evolution reaction (HER) and is associated with the reductive processes of the surface film. The electrochemical charge involved in this reduction peak for Au|C 8 H was estimated as 27 µC·cm -2 . If the peak is assumed to be a cathodic electro-desorption of the carbon chain following a single electron process then surface coverage can be estimated. With these assuming and using Γ= Q/nFA, an experimental surface coverage of 2.84×10 -10 mol·cm -2 is obtained. This value is in reasonably good agreement with the experimental surface coverage determined by using a QCM (3.13×10 -10 mol·cm -2 ) supporting the notion that the reductive peak corresponds to a 1 electron process. Taken together, the oxidation and reduction electrochemical results define a workable potential window of 2.25 V, which is similar to that reported for thiol-based organic molecules assembled on gold surfaces 79 as well as for ethynyl-terminated aryl moieties. 51 Finally, additional cyclic voltammetry (CV) measurements involving a bare Au(111), 46, [84] [85] [86] [87] Under these conditions, the tip makes intermittent contact with the surface at a frequency of 2 kHz and a low maximum force (peak-force) to limit damage to the surface and detrimental lateral forces. Therefore, the peak-force tapping mode is a valuable method for conductivity mapping of delicate samples since it avoids lateral forces that may otherwise damage the tip coating and the soft sample surface. Nevertheless, before recording the I-V curves, a compromise has to be made in order to select the most suitable contact force to be applied during the measurement taking into account that the set-point force suffers from 8% uncertainty due to the calibration method (thermal tuning). 88 This compromise involves applying peak forces during the measurements that are not so great as to result in large deformation of the monolayer underlying the GNPs, but also to avoid applying too little force which would result in an inadequate contact between the tip and the surface, leading to ineffective electrical probing. This latter point is illustrated in Figure 6a , which shows how an increase in the applied force results in a more effective contact between the tip and the GNPs. The conductance value was obtained as the slope of the linear fitting of the experimental data from -0.5 to 0.5 V, the Ohmic region, from the average I-V curve collected at each set-point force. When a set-point force below 3 nN was used, no current was detected, whilst for a set-point force between 3 and 6 nN a low conductance value was obtained; showing that when low set-point forces are applied, the contact between the tip and the GNP results in practically no measurable electrical current flow. Meanwhile, when higher set-point forces are applied (between 9 and 18 nN), a significant conductance value is obtained;
confirming that for these set-point forces there is a good electrical contact. In addition, a log-log plot of junction conductance versus the applied set-point force ( Figure S8) shows that the increasing conductance with set-point force follows a single power law dependence (i.e., log(conductance) ∝ log (set-point force)·n with n=3.56) for the setpoint force range exhibiting a significant conductance (between 9 and 18 nN). 89 From these observations it is concluded that 9 nN is the minimum set-point force required to make a reasonable contact between the tip and the GNP.
With the influence of the applied set-point force on the monolayer established, I-V curves were recorded by locating the AFM tip on top of GNPs (Figure 6a ). To ensure reproducibility and reliability of the results, the I-V curves at each set-point force were averaged from multiple scans which were recorded by locating the AFM tip on top of different GNPs with approximately the same size (ca. 20 nm). A set-point force of 9 nN was chosen, as discussed above it has been shown to be the minimum force to provide an effective electrical contact, and then a bias voltage was applied between the underlying gold electrode and the conductive probe tip. Importantly, no low resistance traces which would be characteristic of metallic short circuits were observed. Figure 6b shows a representative I-V trace of all the curves (ca. 150 curves) recorded as well as and increasing curvature at higher bias, which is the common behavior observed in metal-molecule-metal junctions. The same behavior has been observed for the set-point force range which exhibited a significant conductance (between 12 and 18 nN, Figure  S9 ). Additionally, a series of I-V curves recorded on regions of the Au|C 8 |GNP film not covered by GNPs also exhibited the typical shape observed for metal-molecule-metal junctions ( Figure S10 ). This comparability of results from junctions comprised of Au|C 8 |GNP with and without GNPs confirms that the deposition process does not damage the underlying monolayer, and does not alter or contaminate the interfaces.
Additionally, when the monolayer was scratched by ploughing the organic film with the AFM tip in contact mode, the current image, when a bias voltage of 1 V was applied to the sample, showed only a large current flow in the scratched area, showing the uniform surface coverage and the consistency of electrical properties of the monolayer ( Figure   S11 ).
In order to reinforce the conclusion that there are no metallic short circuits, a transition voltage spectroscopy (TVS) analysis has been made ( Figure S12 ) by using a Fowler-Nordheim plot. This plot reveals the behaviour expected for a molecular junction rather than that of a metallic junction arising from metallic short circuits. For low-bias (Regime I), the current scales logarithmically with 1/V, indicative of direct tunnelling where the electronic junction can be modelled as a simple trapezoidal tunnelling barrier.
Above the transition voltage V trans = 0.77 (Regime II), the current scales linearly with 1/V, with a negative slope characteristic of field emission. This transition point, Vtrans, is expected to linearly correlated with the energy offset between the metal Fermi level and the frontier molecular orbital, which in this case is the highest occupied molecular orbital (HOMO). 90 The obtained V tran s from the TVS analysis, 0.77 V, is in excellent agreement other similar π-conjugated molecules with a similar molecular length such as acenes or phenylenes. 91 The behaviour observed in the Fowler Nordheim plot with a reasonable V trans value rules out the presence of short circuits since the behaviour observed is that of a molecular junction not a metallic junction where Ohmic behaviour and much higher conductance would be expected. 
Conclusions
In this contribution, we have prepared metal-monolayer-metal devices with 'all-carbon' 
Experimental

General conditions
HPLC grade solvents were purchased and used as received unless otherwise indicated.
The click chemistry reaction was carried out under an oxygen free environment using Schlenk techniques, with chloroform (HPLC grade, 99.9%) deoxygenated by freeze pump vacuum cycles before use. The compounds 1, 43 Care: piranha solutions are exceptionally corrosive and highly oxidizing. Contact between piranha solutions and organic materials is considered extremely hazardous and must be avoided. During silver deposition, the background pressure was maintained at 5×10 -7 Torr, and the deposition rate (0.02 nm 3 ·s -1 ) was monitored on an Electron
Beam Evaporator Auto 500 from BOC Edwards. After deposition, annealing was performed at 200 ºC for 60 min. Once the silver islands were prepared onto a glass substrate, Ag|C 8 H and Ag|C 8 |GNP were formed following the same methodology 
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